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Abstract 
 
At present, the structures that people have built to mimic serpentine locomotion mostly use 
motor as power output. Our objective in this project is to find a new method to drive a newly 
designed serpentine locomotion mimicking structure. We will focus on utilizing electromagnetic 
(EM) interaction as the means of powering in our research as EM is considered having higher 
energy density.  
The robotic actuator that mimics serpentine locomotion will have multiple sections as links 
within the structure. Each section in the “snake” shaped robotic actuator will produce some 
torque. Through a collective effort, the whole structure will move like a snake. The design 
objective is that, when compared with a traditional motor-driven actuator, our design has a 
higher power density. 
 
Subject Keywords: EM, Serpentine Locomotion, Robotic Actuator 
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1. Introduction 
 
If we mount a copper coil around an iron core and excite the copper coil with a proper current 
input, the current in the coil will generate a magnetic field (B Field) in the iron core. As B field 
has zero divergence, the B field will try to finish a loop on itself. According to magnetic circuit 
analysis, the copper coil excited by a proper current can be treated as an MMF source and the 
iron and other media along the B field path can be viewed as reluctance. Thus, we can use iron 
cores to guide the B field and leave some airgaps along the road. The airgaps will have two 
functions. First, as B field goes through the airgap, the airgap can help to store energy (B field). 
Second, we can adjust the size of the airgap by current input through EM force to move the 
actuator in a section-by-section manner. The second function will be the means of movement 
of this design.  
1.1 Core design 
 
Figure 1.1: Core Shape 
Figure 1.1 shows the shape of the core for each section in the actuator and the copper coils are 
going to be mounted on prongs 2 and 3. Note that the dimensions are to be determined during 
the process of optimization. 
 
2 
 
1.2 Linkage 
 
As shown in the plot below, the coils are going to be mounted on prongs 2 and 3.  
 
Figure 1.2: Linkage Model 
At first sight, this looks pretty complex because there will be many sections in this linkage and 
every coil has some contribution to the flux in the whole linkage. But, after a closer inspection, 
we can simplify the whole system greatly. In the end, all we need to do is analyze just one 
section of the whole system. The reasons are as follows.  
1.3 Magnetic Circuit 
In a working actuator, the flux distribution should be somewhat like Figure 1.3. 
 
Figure 1.3 
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Figure 1.4: Periodic Flux Distribution 
Because of the fact that the B field in the linkage is periodic, we can use the following analysis 
to tackle this problem. 
 
Figure 1.5: Local Flux Model 
We can argue that 𝜆" = 𝜆$  (2.1) 
And get to this equation 𝜆" − 𝜆& + 𝜆$()* = 𝜆$  (2.2) 
In the above equation, 𝜆$()*  is the flux introduced by each coil and 𝜆& is the flux that leaves the 
bottom prongs. Combining equation (2.1) and equation (2.2), we can find 𝜆& = 𝜆$()*(2.3) 
That tells us the flux generated by a coil leaves the bottom prongs immediately and the flux in 
the gap should equal to the flux generated by a single coil. The flux in the gap should not 
change drastically from a two-link system to an n-link system. 
4 
 
 
Figure 1.6: Local Model for Equivalent Magnetic Circuit 
The part enclosed by dashed line is the part of interest to us and the magnetic circuit that 
corresponds to the part of interest is shown below. 
 
Figure 1.7: Equivalent Magnetic Circuit 
 
In the equivalent magnetic circuit above, there are two sources NI corresponding to two coils 
on each link, four reluctance components labeled as 𝑅$, correspond to the reluctance that 
comes from the vertical part of the core, two reluctance components labeled as 𝑅$- correspond 
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to the reluctance that comes from the horizontal prongs, two reluctance components labeled 
as 𝑅.- correspond to reluctance that comes from the two airgaps that lie on the sides. Besides, 
there are two more reluctances labeled as 𝑅$/ and 𝑅.,. They denote the reluctance of prong 
and airgap in the middle, considering the potentially different sizes of the middle prong and 
side prong. 
1.4 Design	Merits	
 
All designs come with several goals and merits: the standard to measure how successful a 
design is. In this project, we want to introduce four merits of design: torque per mass, torque 
per volume, flexibility, and energy efficiency. Torque refers to the torque generated by 
successive sections in the actuator. Flexibility refers to how much the actuator can rotate given 
a fixed total length along the actuator. 
 
Merits of Design Definitions: 𝑇𝑜𝑟𝑞𝑢𝑒	𝑝𝑒𝑟	𝑚𝑎𝑠𝑠 = 𝑇𝑜𝑟𝑞𝑢𝑒	𝑝𝑒𝑟	𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑀𝑎𝑠𝑠	𝑝𝑒𝑟	𝑠𝑒𝑐𝑡𝑖𝑜𝑛  𝑇𝑜𝑟𝑞𝑢𝑒	𝑝𝑒𝑟	𝑣𝑜𝑙𝑢𝑚𝑒 = 𝑇𝑜𝑟𝑞𝑢𝑒	𝑝𝑒𝑟	𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑉𝑜𝑙𝑢𝑚𝑒	𝑝𝑒𝑟	𝑠𝑒𝑐𝑡𝑖𝑜𝑛 𝐹𝑙𝑒𝑥𝑖𝑏𝑖𝑙𝑖𝑡𝑦 = 𝑀𝑎𝑥𝑖𝑚𝑢𝑚	𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛	𝑎𝑛𝑔𝑙𝑒𝑈𝑛𝑖𝑡	𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟	𝑙𝑒𝑛𝑔𝑡ℎ  𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = 𝑊𝑜𝑟𝑘	𝑑𝑜𝑛𝑒	𝑏𝑦	𝑚𝑜𝑣𝑒𝑚𝑒𝑛𝑡	𝑇𝑜𝑡𝑎𝑙	𝑒𝑛𝑒𝑟𝑔𝑦	𝑖𝑛𝑝𝑢𝑡  
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2. Literature Review 
As of today, there are many functional snake-like robots. Moreover, there are many different 
ideas and implementations with different functionalities of these “snakes”. However, they 
share one thing in common: They are motor-driven. And there are many advantages of using 
motors in a robotic design:  
a. motors are readily available in different sizes and power ratings.  
b. motors are highly flexible and easy to incorporate into the manufacturing process. 
2.1 Sandfish Analysis 
 
The sandfish developed a Georgia Institute of Technology is a good representative of the 
current state of robotic snakes. 
 
As shown in this research (Maladen & Ding, 2011), with motor force, a robotic snake can 
achieve good forward motion and flexibility in a frictional environment. Table 2.1 lists some 
detailed specifications of their implementation: 
 
Table 2.1: Design Specs of Sandfish 
 
Without wheel, this sandfish can produce very effective motion in a frictional substrate but 
cannot move itself on a hard surface. 
2.2 CMU Robotic Snakes 
 
There is another group of snakes worth mentioning: the versatile snakes made by Biorobotics 
Lab of Carnegie Mellon University. Unlike the sandfish, their snakes use 3-D motion and can 
move on a hard surface. The use of 3-D motion in these snakes gives them greater degrees of 
freedom and they can perform more tasks like crawling, climbing, and swimming. 
2.3 Research Objective 
 
Although using motors has many advantages, the gearing process will inevitably reduce the 
overall agility of the robotic snake. We want to explore a way of making a gearless snake while 
maintaining reasonable flexibility. In such an implementation, the agility of the snake will be 
much improved. 
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The overall objective of this project is to build a non-motor driven, gearless snake that can 
perform 2-D motion with passive wheels on a frictional hard surface. 
 
In the meantime, we also want to get some comparable results with respect to the currently 
existing robotic snakes. The basis we select for our comparison is the volume of each link in the 
snake structure being equal as different implementations will use different materials, resulting 
in a difference in density. 
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3. Description	of	Research	Results	
 
The project can be divided into three parts:  
a. Magnetic core structure design and material selection  
b. Power electronic circuit implementation  
c. Dynamic analysis of the whole system 
My focus in this project is the design of core structures. And the process has 4 steps:  
1. Analytical design and optimization  
2. Material selection  
3. Simulation results  
4. Experimental results 
3.1 Analytical Design and Optimization 
 
3.1.1 Force Analysis 
Refers to Figure 1.1 and Figure 1.6, we have: 
 𝑅$- = *OPQR (3.1) 𝑅$, = *SPTR (3.2) 𝑅$/ = *OPUR (3.3) 𝑅.- = .PVQR (3.4) 𝑅., = .PVUR (3.5) 
In the above expression, 𝑙- denotes the equivalent length that flux needs to travel through the 
horizontal part of the core, 𝑙- = 𝑒 + -, 𝑑; 𝑙, denotes the equivalent length that flux needs to 
travel through the vertical part of the core, 𝑙, = 𝑏 + -, (𝑎 + 𝑐). And g is the length of the air 
gap. 
 
Using proper symmetry. We get the following equation. 𝑁𝐼 = Φ(𝑅$- + 2𝑅$, + 𝑅$/ + 𝑅.- + 𝑅.,) (3.6) 
By integration, we get the co-energy expression as follows. 𝑊& = ∫ 𝜆𝑑𝐼_^ = `S^S,(abOc,abScabdcaeOcaeS) (3.7) 
Plug in all the dimensions specified in the picture, we will get W: 
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𝑊& = 𝑁,𝐼,2( 𝑙-µaf + 2𝑙,µdf + 𝑙-µcf + 𝑔µ_af + 𝑔µ_cf)	(3.8) 
Take partial derivative, we can get the force of electric origin thus the force exerted in the air 
gap by the coil excitation. 𝑓n = 𝜕𝑊′𝜕𝑔 = − 𝑁,𝐼, q1𝑎 + 1𝑐s2µ_𝑓 t𝑒 + 12𝑑µaf + 𝑎 + 2𝑏 + 𝑐µdf + 𝑒 + 12𝑑µcf + 𝑔µ_af + 𝑔µ_cfu,
		(3.9) 
Define relative permeability µw  of the material of the core such that µw＝ PxPV. We can simplify 
the expression above to. 𝑓n = − 𝑁,𝐼, q1𝑎 + 1𝑐s fµ_2t𝑒 + 12𝑑µwa + 𝑎 + 2𝑏 + 𝑐µwd + 𝑒 + 12𝑑µwc + 𝑔a + 𝑔cu,
		(3.10) 
Also, the flux density in the magnetic path is: 𝐵 = Φ𝑎𝑓 = 𝑁𝐼𝑎𝑓(𝑒 + 12𝑑µaf + 𝑎 + 2𝑏 + 𝑐µdf + 𝑒 + 12𝑑µcf + 𝑔µ_af + 𝑔µ_cf)	(3.11) 
 
After a closer look to the “E” core structure and the magnetic path, we can discover that the 
amount of flux flow in the middle prong and side prong is the same. So, we should make c=a. 
Plug in this relation, we have: 𝐹 = 𝑁,𝐼,fµ_𝑎 q2𝑒 + 𝑑µwa + 2𝑎 + 2𝑏µwd + 2𝑔a s, 		(3.12) 
And: 𝐵 = 𝑁𝐼µ_𝑎(2𝑒 + 𝑑µwa + 2𝑎 + 2𝑏µwd + 2𝑔a )	(3.13) 
Rearranging these expressions, we arrive at: 𝐹 = 𝐴µ_ 𝐵,	(3.14) 
Where A is the cross-sectional area of the side prong, which equals to af. 
 
3.1.2 Flexibility 
Other than force, another important factor we have to consider is the flexibility of the snake.  
 
As shown in Figure 3.1, flexibility is defined as the largest angle we can rotate between adjacent 
sections. 
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Figure 3.1 𝜃 denotes the maximum angle between the two links. sin(𝜃) = 𝑔32𝑎 + 𝑏	(3.18) 
3.1.3 Optimization 
As we want to compare the performance of our implementation with the CMU’s robotic snake, 
we decide to make the volume of each section on our snake similar to their snake.  
 
However, due to the following two reasons: 
a. We need some flexibility for our optimization process, which will affect the overall 
volume of the section. 
b. There is always discrepancy between numerical analysis and experimental result. 
We cannot make the volume of the link of our snake exactly the same as the volume of CMU’s 
snake. After a thorough calculation, we decide to make our core’s overall length to be 50mm 
and overall width to be 40mm. With these measurements, the volume will still be similar after 
the optimization process. 
 
Next step is to define our optimization metric. As force and flexibility are both important to us, 
we need to incorporate both factor into consideration. Moreover, a high-level analysis tells us 
that there is an inverse relationship between force and flexibility: The amount of force we can 
get will increase as we decrease the airgap; however, the flexibility will also decrease. The 
volume of each section will also play a role here. As we are using uniform materials for both 
core and coil, we can use the overall volume of each section to represent the overall mass of 
our link. 𝑉 = 3𝑎,(40 − 𝑎) + 50𝑎, + 2(40 − 𝑎)(50 − 2𝑎), − 𝑎,(40 − 𝑎)(3.19) 
Thus, the optimization metric is: 
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𝑋 = 𝐹𝑉 ∗ 𝑎𝑛𝑔𝑙𝑒	(3.19) 
Plug in all the value we know up to this point, we will get: 𝑋 = 9µ_𝑎,(40 − 𝑎),(25 − 32𝑎),4𝑔,𝑉 ∗ 𝑔25	(3.20) 
 
Note: all size measurements are in unit: mm. 
 
In the calculation above, I made several assumptions: 
a. As the relative permeability of the core is usually above 1000, I ignored the effective 
reluctance comes from the core. All the reluctance is coming from the airgap. 
b. Because the angle we can rotate is largely constrained within 10 degrees, I use sin(𝜃) 
and 𝜃 interchangeably. 
c. The current density in the wire is 6	𝐴/𝑚𝑚, with a fill factor of 0.5. 
X reaches its maximum value when a is in the interval of [9,10]. 
3.2 Material Selection 
 
Based on the characteristics of our implementation, there are several requirements to the 
material: 
a. Relatively high saturation flux density. As we want to operate our system at a flux 
density of around 0.5-0.7 T. We have to find a material that has a saturation flux density 
higher than this value. 
b. Manufacturability: As we need to attach our power electronic circuits and joints on to 
the iron core, the material we choose cannot be too fragile. 
After some extensive research, we find three materials that meet our expectation: 
a. Hiperco 50, also known as Supermendur 
b. Supra 50 
c. M235-25A 
Due to the similarities of our simulations based on these three different materials and the 
availability. We choose the Hiperco50 as the material for our core. 
3.3 Simulation 
 
Although our analytical result tells us that the optimal size of our core is achieved when a is 
between 9mm and 10mm, we still decide to run simulation for a=8, 9, 10, 11 to make sure that 
we find the best value for a. 
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Figure 3.1 shows the simulation set up. The width of the air gap we use in this case is 2mm. 
Because the change in the air gap will not affect our analysis for a. So, we can choose a fixed 
airgap in this analysis. Moreover, the joint is designed in such a way that we can reduce the 
reluctance as much as possible in the middle air gap while maintain the flexibility of the original 
design. 
 
 
Figure 3.2  
Set up information about the simulation: 
Table 3.1 
Core Material Hiperco50 (Supermendur) 
Core Material Density 8.11 g/cm^3 
Coil Material Copper 
Coil Material Density 8.92 g/cm^3 
Air Gap Size 2mm 
Fill Factor of the Coil 0.5 
Maximum Current Density in the Wire 6 A/mm^2  
 
Simulation Results: 
Table 3.2 
a (mm) Force (N) Mass (kg) Force/Mass 
8 17.72 0.389 45.55 
9 16.45 0.356 46.21 
10 15.64 0.329 47.54 
11 13.26 0.308 43.05 
 
According to Table 3.2, we decided to manufacture our E-core with a=10mm.  
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3.4 Experimental Results 
 
a. Mass measurement 
The total mass for each section, including the iron core and magnetic coil, is 297.5 g. 
Compared to the theoretical calculation of 329 g. The mass reduction is due to the 
following two reasons: 
i. Due to the capability of our power circuit, we can increase the current in the coil 
in order to produce the same NI while using less winding. This will give us the 
same force with lower mass. So, we change our winding from 450 turns to 400 
turns. 
ii. In our calculation, for simplicity, we assume the coil to be a perfect “box” shape 
with sharp edges. But, in reality, the coil is more like a cylinder on the outside 
while still shaped as a “box” on the inside. As a result, here is a reduction in 
volume of the coil.  
 
b. Force measurement at different angles 
The following picture is the actual experiment setup to measure the force generated by 
one section. 
 
Picture 3.1 
 
We used a pulley-like structure to measure the relation between the current input and 
the force generated by one link. We tie a weight with known mass to a string and 
connect the string to the arm of the iron core through the pulley.  
 
Through fine tuning the input current, we can get the current input, hence the NI, we 
need to produce the exact amount of force to lift the weight with known mass. The 
experimental result we get matches our simulation and analysis result fairly well. 
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 This is the experimental result we get when the structure is at neutral position. 
Table 3.3 
Force (N) Current (A) Turns NI Mass (g) Gravity (N/g) 
0.98 0.61 400 244 100 0.0098 
1.96 0.993 400 397 200 0.0098 
2.94 1.24 400 496 300 0.0098 
3.92 1.4 400 560 400 0.0098 
4.9 1.53 400 612 500 0.0098 
5.88 1.65 400 660 600 0.0098 
6.86 1.8 400 720 700 0.0098 
7.84 1.94 400 776 800 0.0098 
8.82 2.03 400 812 900 0.0098 
9.8 2.14 400 856 1000 0.0098 
10.78 2.28 400 912 1100 0.0098 
11.76 2.4 400 960 1200 0.0098 
12.74 2.57 400 1028 1300 0.0098 
13.72 2.65 400 1060 1400 0.0098 
14.7 2.69 400 1076 1500 0.0098 
To better compare the result, here is a plot between the simulation and experimental 
result: 
 
Picture 3.2 
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4. Conclusion	
 
In this project, we explore the possibility of a robotic actuator that can mimic serpentine 
locomotion with EM force as the driving force. The inspiration for this project is that EM force 
can produce motion with higher agility and power output.  
 
My contribution to this project is the design, analysis, and optimization of the iron core and coil 
structures. The end result of my optimization is a structure with the highest F/V output under a 
preset volume range. The analysis, simulation, and experimental results match each other 
within a reasonable error boundary. 
 
Going forward, we plan to manufacture our snake with 8-10 sections. Using dynamic analysis to 
derive the mechanical features of our snake and design control signals for each coil. Through 
precise control of the currents in each coil, our snake should be able to produce 2-D motion, 
with the support of passive wheels, on a flat ground. 
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Appendix	A	Simulation	Data	
 
Simulation setup: 
 
Figure Appendix.1 
Note: The force is measured with respect to the pink surface. 
 
1. Simulation with a=8 
Table Appendix.1 
gap 
[mm] 
a 
[mm] NI 
Avg_B_Core1_bottom 
[T] Magnitude X Y Z 
 
 
 
 
 
2 
 
 
 
 
 
8 
100 0.105120796 1.22E-01 0.121514485 2.25E-07 1.50E-08 
200 0.208114523 4.92E-01 0.492389918 1.11E-06 1.56E-07 
300 0.310872944 1.107142377 1.107142375 3.15E-06 2.93E-06 
400 0.409693975 1.965838103 1.965837997 6.44E-06 3.34E-05 
500 0.501149607 3.06619598 3.066195886 2.33E-05 2.67E-05 
600 0.577512925 4.411810526 4.411810447 3.65E-05 2.41E-05 
700 0.596127058 6.017173799 6.017173786 3.10E-05 7.66E-06 
800 0.597303503 7.868709399 7.868709393 2.85E-05 4.25E-06 
900 0.619929701 9.961719219 9.961719214 3.26E-05 4.16E-06 
1000 0.640387151 12.30121189 12.30121189 3.69E-05 4.20E-06 
1100 0.655151296 14.88811928 14.88811927 4.05E-05 4.18E-06 
1200 0.676462231 17.7195006 17.7195006 4.66E-05 4.62E-06 
 
Volume of core [m^3] = 9.43E-06 
Volume of coil [m^3] = 3.49E-05 
Total volume [m^3] = 7.93E-05 
Total mass[kg] = 0.389 
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2. Simulation with a=9 
Table Appendix.2 
gap [mm] a [mm] NI Avg_B_Core1_bottom [T] Magnitude 
 
 
 
 
 
2 
 
 
 
 
 
9 
100 0.097259254 1.41E-01 
200 0.193376436 5.75E-01 
300 0.28941664 1.291694818 
400 0.384239821 2.294060259 
500 0.477195975 3.5783078 
600 0.568906494 5.156060779 
700 0.654683128 6.965590253 
800 0.739047647 9.085339214 
900 0.81656867 11.44363281 
1000 0.887038594 13.98032605 
1100 0.944943028 16.44769495 
 
Volume of core [m^3] = 1.17E-05 
Volume of coil [m^3] = 2.92E-05 
Total volume [m^3] = 7.02E-05 
Total mass[kg] = 0.356 
 
3. Simulation with a=10 
Table Appendix.3 
gap 
[mm] a [mm] NI 
Avg_B_Core1_bottom 
[T] Magnitude X Y Z 
 
 
 
 
2 
 
 
 
 
10 
100 0.094836123 0.20461 0.20238 0.029956 0.003149 
200 0.188268166 0.90314 0.8888 0.15036 -0.05561 
300 0.281947282 2.0148 1.9829 0.33351 -0.12645 
400 0.374850169 3.3243 3.2593 0.57727 -0.30789 
500 0.46597388 5.3248 5.2287 0.87169 -0.50396 
600 0.554931518 7.5886 7.3725 1.5222 -0.95656 
700 0.640331838 10.032 9.7975 2.0495 -0.66483 
800 0.720786093 12.747 12.452 2.5024 -1.0901 
900 0.800203919 15.637 15.367 2.686 -1.0737 
 
Volume of core [m^3] = 1.41E-05 
Volume of coil [m^3] = 2.14E-05 
Total volume [m^3] = 6.21E-05 
Total mass[kg] = 0.329 
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4. Simulation with a=11 
Table Appendix.4 
gap [mm] a [mm] NI Avg_B_Core1_bottom [T] Magnitude 
 
 
 
2 
 
 
 
11 
100 0.093047152 2.10E-01 
200 0.185183416 8.34E-01 
300 0.277072172 1.875171515 
400 0.368764847 3.329693374 
500 0.458324764 5.197112727 
600 0.545807147 7.47450575 
700 0.63099281 10.15659704 
800 0.710732379 13.25601028 
 
Volume of core [m^3] = 1.67E-05 
Volume of coil [m^3] = 1.92E-05 
Total volume [m^3] = 5.52E-05 
Total mass[kg] = 0.308 
